Ribosomal RNA trancripts in wheat have been studied by RNA gel blotting and their termini determined from electrophoretic analysis of S1 nuclease-resistant RNA/DNA hybrids and also of hybrids created by primer extension.
INTRODUCTION
Ribosomal RNA transcribed by RNA polymerase I is required in large quantities in cells compared with the amounts of individual mRNAs from other genes. This is achieved in part by the large number of rRNA gene templates tandemly arrayed in eucaryotes (Long and Dawid, 1980) . However, recent studies in Xenopus, mouse, and Drosophila have indicated that the transcription system of rRNA genes is also specially adapted to achieve high rates of transcription (Reeder, 1984; Moss, Mitchelson, and Dewinter, 1985; Sollner-Webb and Tower, 1986; Dewinter and Moss, 1987) . These organisms have multiple promoters and/or reiterated enhancers of transcription, and in Xenopus (Labhart and Reeder, 1986) and Drosophila (Tautz and Dover, 1986) transcription proceeds from one gene through the intergenic DNA to the promoter of the next rRNA gene. All these mechanisms are postulated to serve to sequester and move polymerase I complexes onto the downstream promoter with high efficiency to sustain high rates of rRNA synthesis (Moss, Mitchelson, and Dewinter, 1985; Sollner-Webb and Tower, 1986) . No detailed study of rRNA transcription has been reported for higher plant rDNA. As part of our interest in understanding the relationship between the complex structure of the sequences close to the promoter and the control of transcription (Flavell et al., 1986) , we have carried out such a study in breadwheat (Triticum aestivum).
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The structure of the DNA between the ends of the 25s rRNA sequence and the beginning of the 18s rRNA sequence in a wheat rDNA repeat unit is shown in Figure 1 ( Barker et al., 1988) . It is characterized by a series of 135-bp repeats (A repeats) and three B repeats. The results in this paper show that there is a major transcription start point which is related in sequence to those of other organisms, 11 32 nucleotides before the start of the 18s RNA sequence, but there may not be a very strong intergenic termination site since transcripts have been detected which extend more than 750 nucleotides beyond the end of the 25s RNA sequence and other transcripts extend over the downstream principal initiation sequence. Other 5' ends of transcripts were detected after S1 nuclease treatment of RNA/DNA hybrids in the B repeats and in the 25s RNA sequence.
RESULTS ldentification of Polycistronic rRNA Precursor (Pre-rRNA) Molecules
Total RNA was isolated from imbibed wheat germ and fractionated by electrophoresis in a 0.7% agarose gel containing 6% formaldehyde. An RNA gel blot of the fractionated RNA, shown in Figure 2 , was hybridized to a probe extending from the 3' end of the 26s RNA through the intergenic region into the 5' end of the 18s (probe 1, Figure 2C ). As expected, the 18s and 26s rRNAs hybridized with this probe (Figure 2A) . Their approximate sizes were determined from the markers and are 2200 nucleo- tides for the 18s RNA and 3600 nucleotides for the 26s RNA. Large RNA molecules of approximately 7000 nucleotides also hybridized with this probe (Figure 2A ). This suggested that there is a polycistronic precursor RNA (prerRNA) about 7000 nucleotides long for the mature 18S, 26S, and 5.8s (500 nucleotides) rRNAs. Probes overlapping the 3' end of the 26s or the 5' end of the 18s RNAs (probes 2 and 3 in Figure 2C ) also hybridized with these large rRNA molecules ( Figure 2B ). This confirms that these RNA molecules are pre-rRNAs. Their sizes indicate that up to approximately 1 kb of intergenic DNA resides in these pre-rRNAs.
Determination of the 5' Termini of Pre-rRNAs
To locate the 5' ends of the pre-rRNAs identified above, 5' end-labeled probes spanning the 5' end of the 18s coding region were prepared. The plasmid 71 NX containing the Ncol-Xbal fragment (see Figure 1 ) was linearized with Xbal, labeled with T4 polynucleotide kinase, and subsequently cut at the EcoRl site 16 bp upstream of the destroyed Ncol site. This released the 1.423-kb DNA fragment shown in Figure 3A . After hybridization of the denatured fragment with total RNA and S1 nuclease treatment, labeled fragments of 1330 and 800 nucleotides remained. The 800 nucleotide fragments were in greater quantity, as shown in Figure  3A . A protected fragment marking the 3' end of the 18s rRNA, 165 nucleotides upstream of the Xbal site, was detected only when hybridization was performed at 37OC (results not shown).
A similar experiment was performed using a DNA probe covering the complete intergenic region, the 5' end of the 18s and the 3' end of the 26s coding regions ( Figure 3B ). This probe allowed us to search for other detectable 5' termini. It was made by linearizing plasmid 71 BE with Xbal, labeling the ends with T4 kinase, and cleaving the molecules at the Pvul site in the pUC19 vector. The probe was 4.371 kb long, as shown in Figure 38 . After hybridization of the fragments with total RNA and S1 treatment, only two labeled probe fragments, whose sizes are close to those described above, were protected from digestion by nuclease S1 (Figure 38 ). No other labeled fragment was detected.
A smaller DNA probe was then used to locate more precisely the two 5' ends previously identified. The plasmid 71NX was cut with Narl, labeled with T4 kinase, and subsequently cut with EcoRl in pUC19 (see above), releasing a 0.78-kb probe ( Figure 3C ). Total RNAs were hybridized to this probe and the hybrids digested with nuclease S1. Two protected, labeled fragments of 650 nucleotides and 165 nucleotides were subsequently detected, as illustrated in Figure 3C , confirming the previous results. Taken together, these results show the existence of two major pre-rRNAs whose 5' ends are located approximately 1.1 30 kb and 0.640 kb, respectively, upstream of the 5' end of the 18s rRNA sequence.
To confirm the mapping of the pre-RNAs on the DNA repeat unit map, RNA gel blots of total fractionated RNAs were hybridized to five different probes spanning various parts of the intergenic region (see Figure 48 ). As shown in Figure 4A , probes 3 and 5 recognized pre-rRNAs, whereas probe 1 did not hybridize to any pre-rRNA. Probe 2, which covers the region where the two 5' termini have been localized by S1 nuclease mapping, recognized both prerRNAs. Furthermore, probe 4, which covers the more upstream 5' terminus identified by S1 mapping, hybridized only to the longer pre-rRNA. Thus the pre-rRNAs whose 5' ends were identified by S1 nuclease analysis are the same as those identified by RNA gel blot analysis.
Our next interest was to map more precisely the 5' end of the longer pre-rRNA, as it was likely to correspond to the initiation site of transcription of the rRNA genes by RNA polymerase I. (A) Hybridization to a probe covering all the intergenic region. Total RNA (6 ^g in lane a and 3 ^g in lane b) was fractionated by electrophoresis in 0.7% agarose gel containing 6% formaldehyde, blotted onto a nitrocellulose filter, and hybridized with probe 1 shown in (C). (B) Hybridization to two short intergenic probes. Total RNA (6 ng in each lane) was fractionated by electrophoresis in 0.7% agarose gel containing 6% formaldehyde and blotted onto a nitrocellulose filter. Separate tracks were hybridized with probes 2 and 3 described in (C). (C) Map showing the three hybridization probes used. The abbreviations for restriction enzymes are A = Accl; B = BamHI; E = EcoRI; Na = Narl; X = Xbal.
Fine Mapping of the 5' End of the Longer Pre-rRNA
The coding strand of a 94-bp probe overlapping the 5' terminus and a 24-bp primer with the same 3' termination point as the 94-bp probe (see Figure 5C ) were hybridized to total RNA or pre-rRNA purified on a sucrose gradient. RNA/DNA hybrids with the 94-bp probe were treated with S1 nuclease, and hybrids with the primer were extended using reverse transcriptase. The surviving hybrids and extended primer duplexes were fractionated on an 8% acrylamide sequencing gel together with the sequencing degradation fragments of the 94-bp fragment. (A) Hybridization with a long probe 5' to the start of the 18S RNA sequence. The 5' end-labeled probe, shown at the bottom of the figure, was hybridized with total RNA at 56°C, or, for lane 2, at 45°C. For lanes 1 to 8 the amounts of RNA (^g) and units of S1 nuclease were: 1, 0 (probe only) and 500; 2, 0.3 and 500; 3, 0.3 and 800; 4, 1.2 and 500; 5, 0 and 500; 6, 0.6 and 500; 7, 0.3 and 800; 8, 0.1 and 800. The protected probe fragments were analyzed on a 4% sequencing gel. The arrows point to these fragments. The position of the 1423-bp probe is also shown. Sizes are in nucleotides. The M, markers are Haelll (M1) and Hinfl (M2) digests of 0X174 RF DNA. The abbreviations of the restriction sites on the map are Nc = Ncol and X = Xbal. (B) Hybridization with a probe including all the rDNA intergenic regions. The 4371-bp end-labeled probe, shown at the bottom of the figure, was hybridized to total RNA at 56°C for 15 hr and then incubated with S1 nuclease for 1 hr at 37°C, pH 4.6. For lanes 1 to 6, the amounts of RNA (^g) and units of S1 nuclease were: 1, 30 and 250; 2, 100 and 250; 3, 100 and 125; 4, 0 and 75; 5, 0 and 250; 6, 0 and 0 (probe only). The protected fragments were analyzed on an NaOH 0.8% agarose gel. The arrows mark these fragments. Their sizes are in nucleotides. The position of the 4371-bp probe is also marked. The M1 markers are Hindlll (M1) and Accl(M2) digests of A DNA. The abbreviations for restriction sites on the map are P = Pvull and X = Xbal. (C) Hybridization with a short probe 5' to the 18S RNA sequence. The 5' end-labeled 780-bp probe shown at the bottom of the figure was hybridized to total RNA at 56°C for 8 hr and then incubated with S1 nuclease for 1 hr at 37°C at pH 5.5, except in lane 5 when the pH was 4.6. For lanes 1 to 8, the amounts of RNA (^g) and units of S1 nuclease were: 1, 0.5 and 500; 2, 1 and 500; 3, 0.5 and 800; 4, 0 and 800; 5, 0.5 and 800; 6, 0.5 and 800; 7, 0.5 and 500; 8, 0 and 0 (probe only). The protected probe fragments were analyzed on a 4% sequencing gel. They are arrowed and their sizes are in nucleotides. The position of the 780-bp probe fragment is shown near the top of the gel. The M, markers are Haelll (M1) and Hinfl (M2) digest of 0X174 RF DNA. The abbreviations for the restriction sites on the map are Na = Narl and Nc = Ncol. As shown in Figure 5A , the 94-bp probe fragment protected against degradation by S1 nuclease by hybridization with total RNA (lanes 5 to 7, Figure 5A ), or gradient purified pre-rRNAs (a longer exposure of lane 2, Figure 5A ) comigrated with the molecules produced by extension after hybridization with total RNA (lane 4, Figure 5A ). (The position of the extended primer is not visible in the photograph but its position on an autoradiograph of longer exposure is shown with an arrow.) Knowing that the termini generated by reverse transcriptase are identical to those generated by S1 nuclease and that a shift in migration of 1.5 nucleotide is expected between the chemically cleaved and the S1 nuclease protected DNA strand (Sollner-Webb and Reeder, 1979) , we identified the 5' terminus of the larger pre-rRNA as an A ( Figure 5A ). This is a common feature of pre-rRNAs of some higher eucaryotes (Sommerville, 1984) .
The sequence around this 5' terminus of the larger prerRNA is compared with the polymerase I transcription initiation sequences of some other species in Figure 6 . The sequences have been aligned to display maximum similarity. Wheat and maize sequences are closely related to each other from -15 to +11 but not in surrounding regions (Barker et al., 1988) . There is also evidence of conservation of sequence between plant and animals in the region -13 to +5 with respect to the transcription initiation site. The comparisons illustrated in Figure 6 imply that the 5' end of the larger pre-rRNA is the principal initiation site for rRNA transcription in wheat. The 5' end of the shorter pre-RNA shows no sequence similarity to that around the 5' end of the longer pre-RNA. The shorter RNA is therefore likely to be a relatively stable processed intermediate.
Determination of the 3' Termini of the Pre-rRNAs
The plasmid 71 BE was cut with EcoRI, labeled at the 3' end with the Klenow fragment of Escherichia coli DNA polymerase I, and subsequently cut with Xbal or Accl, releasing, respectively, the 4.25-kb and 1.228-kb probe fragments shown in Figure 7C . When these probes were hybridized to total RNAs, as in Figures 7A and 7B , respectively, and the products digested with S1 nuclease, a major probe fragment of 470 bases was protected ( Figure 7A , lanes 2 to 4, and Figure 7B ). In addition, a fragment 10 bases longer, but in lower concentration, was detected with gradient-purified pre-rRNAs ( Figure 7A , lanes 6 to 8). This protected sequence and a further 15 bp downstream are highly conserved between wheat and maize (Barker et al., 1988) . As the 25S coding region of these organisms is highly conserved (Eckenrode, Arnold, and Meagher, 1985) , and the labeled probe was easily saturated upon incubation with total RNA, the major 3' end identified by S1 protection experiments is probably that of the 25S rRNA. The minor 3' end detected with gradient-purified pre-rRNA, therefore, probably corresponds to the 3' end of a population of pre-rRNA molecules which are quickly processed down to the 3' terminus of the 25S rRNA. A similar situation has been observed in yeast (Kempers-Vestra et al., 1986) and mouse (Kominami et al., 1982) . It is interesting to note that the minor 3' end precedes the sequence 5'-CCCTCCC-3' which, in Xenopus laevis, has been shown not to be a termination site of transcription but rather to mark a point where transcripts become unstable (Labhart and Reeder, 1986) . 3) was incubated for 8 hr at 37°C with the endlabeled 94-bp Ddel fragment (coding strand) or at 55°C with the end-labeled 24-bp Rsal-Ddel fragment (coding strand) shown in (C). The products of the hybridization with the Ddel fragment were treated with S1 nuclease (100 units, lane 5; 50 units, lanes 2 and 6; 25 units, lane 7) at 30°C, pH 4.6, for 1 hr. The hybridized 24-bp Rsal-Ddel fragment was extended using reverse transcriptase. The S1 nucleaseprotected fragments and the cDNA were analyzed on an 8% sequencing gel together with the chemically cleaved products of the Ddel fragment, and the autoradiograph was produced. On the right, the arrow points to the shortest S1 nuclease-protected fragment, and the numbering +1 on the sequence represents the 5' terminus of the longer pre-rRNA (see text). (B) RNA gel blot analysis of RNA fractionated on a sucrose gradient. Total RNA was centrifuged on a sucrose gradient and fractionated. Fractions A to E were run on a 0.7% agarose gel containing 6% formaldehyde and blotted onto a filter. The blot was hybridized to probe 1 described in Figure 2C . (C) The probes used to map the 5' end of the longest pre-rRNA in (A) and (B).
Additional Transcripts in Low Concentration with Different 5' and 3' Ends
Although the 5' and 3' ends of the major pre-RNAs have been described, it was considered possible that the primary transcripts could be considerably longer than the prerRNAs but are rapidly processed to the pre-rRNAs. Consequently, experiments were performed to detect transcripts in low concentrations with 5' and 3' ends different from those already identified. To detect any transcripts further upstream from the principal transcript, a uniformly labeled probe with high specific activity was generated by second-strand synthesis on M13 recombinant phage m18NN, followed by EcoRI digestion to define the 3' extremity of the probe (see Figure 3C ). This probe is identical to the one described in Figure 3C , except that 60 nucelotides are M13 polylinker sequences. After hybridization with total RNAs, digestion with S1 nuclease was performed. Two major fragments of 780 nucleotides and 660 nucleotides were resistant, as shown in Figure 8A .
The smaller protected fragment corresponds to the 5' end of the longer pre-rRNA (see Figure 3C ). The longer fragment corresponds to full-length protection of the probe. This band is RNA-specific because it disappears after DNase-free RNase digestion of total RNA and it does not appear when the probe was hybridized at 56°C with a homologous Ncol-Narl DNA fragment (results not shown). However, at a lower hybridization temperature (37°C), some probe DNA is protected against S1 nuclease by RNA, as shown in Figure 8A , lane 3. These S1-resistant hybrids migrated slightly faster than those with the M13 synthesized probe (compare lanes 3 and 4 in Figure 8A ). This difference could be due to additionally protected polylinker sequences of the probe by RNA. This is also seen when the 780-bp Ncol-Narl DNA fragment is added as a size marker (compare lanes 7 and a in Figure 8A ). The wheat sequence is taken from Barker et al. (1988) , that for rye from Appels et al. (1986) , that for maize from Toloczyki and Feix (1986) and McMullen et al. (1986) , and other species from Moss, Mitchelson, and Dewinter (1985) . --= same nucleotide as in wheat; * = gap created. W = wheat; R = rye; M = maize; Mo = mouse; H = human; X = Xenopus; D = Drosophila.
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These results show that low levels of RNA transcripts occur that must initiate at least 120 bp further upstream from the principal site of initiation defined above. To identify any transcripts beyond the 25S rDNA 3' termini, the plasmid 71 BE was cut with Accl, 5' endlabeled, and subsequently cut at the Pvull site in pUC19, 90 bp upstream of the 5' end of the cloned 26S coding region, to generate a 1.318-kb probe fragment as shown in Figure 8B . After hybridization with up to 100 ^g of total RNA and subsequent digestion with S1 nuclease, a major protected probe fragment of 1228 bases was detected ( Figure 8B ). This fragment corresponds to complete protection of the DMA probe. Because these fragments are not protected after hybridization with total RNA digested with DNase-free RNase and with a homologous DNA fragment in the conditions described (results not shown), it is RNA-specific. Thus, transcripts are present in low concentration which extend at least 750 bp to 760 bp beyond the 3' termini of the 25S rDNA within the second A repeat which contains the Accl site (Figure 1) .
Much lower amounts of other lengths of the probe fragments were protected by RNA against S1 nuclease, viz., 390 bp, 410 bp, 440 bp, 480 bp, 620 bp, and 815 bp (see Figure 8B ). These could arise as the result of cleavage of RNA-DNA hybrids by S1 nuclease at A-T-rich regions. Alternatively, they could indicate the presence of RNA molecules initiating or being cleaved at these sites during RNA processing. The sequences at the ends of the 390-bp, 410-bp, 440-bp, 480-bp, and 620-bp fragments lie in the B repeats (Figure 1 ), whereas that of the 815-bp 
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. (A) Hybridization to a probe including the whole rDNA intergenic region. The 3' end-labeled, double-stranded 4.25-kb E-X probe shown in (C) was hybridized with total RNA (lanes 2 to 4) or gradient-purified pre-rRNA (lanes 6 to 8) at 56°C for 12 hr. Digestion with S1 nuclease was then performed at 37°C for 1 hr at pH 4.6. Total amounts of RNA (^g) and units of S1 nuclease used in lanes 1 to 8 were: 1, 0 and 0 (probe only); 2, 0.2 and 200; 3, 0.5 and 200; 4, 0.5 and 400; 5, 0 and 200; 6, 10 ng and 200; 7, 20 ng and 400; 8, 20 ng and 200. The protected fragments were analyzed on a 4% sequencing gel. The arrows point to these fragments. The position of the 4.25-kb probe is given at the top of each gel. The M, makers are Hinfl (M1) and Haelll (M2) digests of 0X174 RF DNA. Sizes are given in nucleotides. (B) Hybridization to a probe covering the 5' end of the intergenic region. The 3' end-labeled, double-stranded 1.228-kb probe as described in (C) was hybridized with total RNA at 56°C for 1 hr at pH 4.6. Total amounts of RNA (/jg) and units of S1 nuclease used in lanes 1 to 3 were: 1, 0 and 0 (probe only); 2, 0 and 100; 3, 1 and 200. The protected fragments were analyzed on a 4% sequencing gel. The arrow points to these fragments. The position of the 1.228-kb probe is shown near the top of the gel. The M1 markers are in (A). (C) A restriction map showing the lengths of the probes used in (A) and (B) . The abbreviations used for the restriction enzymes are the same as in previous figures. fragment is in the 25S RNA. Although there are A-T-rich segments near to the ends of the 440-bp, 480-bp, and 620-bp fragments, many longer A-T-rich regions occur elsewhere in this region (Barker et al., 1988) .
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DISCUSSION
We describe here the transcription of the rDNA into polycistronic precursor RNAs for the mature 25S, 18S, and 5.8S rRNAs. The results are summarized in Figure 9 . S1 nuclease mapping experiments have shown the existence of 5' termini of two major RNAs appearing 1.132 kb and 0.64 kb upstream of the 5' end of the 18S gene. The 5' terminus of the longer pre-rRNA probably defines the principal rRNA transcription start site because the sequence around it is conserved between wheat and maize and animals ( Figure 6 ). The shorter pre-RNA is presumably generated by endonuclease processing. It is likely to be more stable than the longer pre-RNA since it is found in a higher concentration. Two 3' RNA termini were detected, one identical with and one approximately 10 bp longer than the 25S 3' end. These results predict major pre-rRNAs to be approximately 7400 nucleotides and 6900 nucleotides long, in agreement with the RNA gel blot analysis (Figures 2, 4 , and 5). These major transcripts are not the only ones present. Some in lower concentrations extend at least 750 bp beyond the 3' end of the 25S RNA sequence and others initiate at least 120 bp upstream of the principal transcription initiation site. These findings suggest that in wheat, as shown recently for mouse (Grummt et al., 1985a (Grummt et al., , 1985b (Grummt et al., , 1986 Henderson and Sollner-Webb, 1986) , Drosophila (Tautz and Dover, 1986) , and Xenopus (Labhart and Reeder, 1986; McStay and Reeder, 1986) , transcription continues beyond the end of the 25S RNA into the intergenic region. In mouse, transcription is terminated 565 bp downstream of the 3' end of the 25S RNA sequence, but is probably initiated again at a promoter in the intergenic region, and these transcripts are terminated 171 bp upstream of the principal transcription start point (Grummt et al., 1985a (Grummt et al., , 1985b (Grummt et al., , 1986 Henderson and Sollner-Webb, 1986 ). In Xenopus, transcription occurs right through the intergenic region but is strongly terminated at a position about 200 bp upstream of the start site of the next transcription unit (Dewinter and Moss, 1986; Labhart and Reeder, 1986; McStay and Reeder, 1986) . Our results suggest that, in wheat, as in Xenopus and Drosophila, transcription may occur right through the intergenic DNA but there are sites at the 3' end of the 25S RNA sequence that catalyze rapid processing of the RNA precursor. However, the detection of transcripts originating upstream of the principle transcription start site and traversing it is in contrast to the situation in mouse and Xenopus. The results imply that, in The map of the intergenic rDNA region is from Barker et al. (1988) . The principal transcription start concluded from this study is indicated by the large arrow. The transcripts detected are indicated by the horizontal lines with arrowheads. Ends of RNA molecules are indicated by absence of an arrowhead. Arrowheads and dotted lines indicate that the RNA is longer in vivo.
wheat, if there is a terminator sequence 150 bp to 200 bp upstream of the transcription start site, it does not result in termination of all the transcripts.
5' ends of minor RNAs were detected in the B repeats and also in the 25s RNA sequence. These sites could represent transcription initiation sites, RNA processing sites, or RNA sites sensitive to SI nuclease in vitro. Further analyses will be required to investigate the origins of these minor RNAs. lntergenic rDNA promoters upstream from the principal one have been described in Xenopus (Moss, 1983; Moss, Mitchelson, and Dewinter, 1985; Dewinter and Moss, 1986) , Drosophila (Coen and Dover, 1982; Kohorn and Rae, 1982) , and mouse (Grummt et al., 1986) . The probability that the B repeats are upstream promoters is worthy of investigation. They have some sequence similarity to the principal transcription start site.
Readthrough transcription and initiation at duplicated intergenic promoters has been postulated to have evolved to ensure that a high concentration of polymerase I transcription complexes is present at the principal downstream promoter (Moss, 1983; Moss, Mitchelson, and Dewinter, 1985; Dewinter and Moss, 1987) . If polymerases do not leave the DNA template and therefore pass from one rDNA unit to the promoter of the next, or are sequestered via upstream promoters, then transcription will be more efficient. It is not possible to determine rates of transcription of intergenic DNA from the present results. The low levels of RNA from the intergenic DNA may be because only a fraction of the polymerase I complexes involved in rDNA transcription sustain readthrough transcription and/or initiate from the intergenic DNA. Alternatively, this RNA may be very unstable.
The similarity of the transcription system revealed here for wheat and those in some animal species implies that the mechanisms to achieve high rates of rRNA transcription are conserved or have evolved separately many times in response to a common need. The "A" repeats in wheat (see Figure I) , although not the subject of this paper, have properties (Flavell et al., 1986 ) characteristic of the equivalent repeats in Xenopus which act as enhancers of transcription (Reeder, 1984; Dewinter and Moss, 1987) . Many plant species have an array of repeats in the intergenic DNA (Flavell, 1986) and so the role of intergenic rDNA in stimulating rRNA transcription is probably very common.
METHODS
Plant Material
Wheat embryos (Triticum aestivum cv Chinese Spring) were prepared from seeds by the method of Johnston and Stern (1957) using the carbon tetrachloride/cyclohexane flotation step to separate embryos from endosperm. Embryos were layered in Petri dishes lined with two layers of 3MM Whatman papers and imbibed with the germination buffer described by Luthe and Quatrano (1980) but supplemented with 1% (v/v) of the antifungal agent. Germination was for 18 hr at 28'C in the dark.
RNA Preparation
Total RNA from germinated wheat germ was isolated by the methods of Apel and Kloppstech (1978) and Baulcombe and Key (1 980) except that up to 1 mg/ml proteinase K was added during the extraction. The RNAs precipitated with high salt were washed with 3 M sodium acetate, pH 6.0, and then with 80% ethanol, and dried. Finally, they were resuspended in water at a concentration of 1 mg/ml to 2 mg/ml and stored at -70°C. Up to 4 W g of total RNA was obtained from 1 mg of embryos. RNAs were fractionated on sucrose gradients as described by Grummt et al. (1985b) except that the Tris buffer was 100 mM and the sodium deoxycholate was omitted.
Subcloning of Wheat rDNA
The plasmid p71BE derived from pTa71 (Gerlach and Bedbrook, 1979) containing a 4.371-kb EcoRl/BamHI DNA fragment cover-ing the intergenic region of the rRNA gene unit, the 5' end of the 18S, and the 3' end of the 255 RNAs ( Figure 2C ) was the source of the subcloned DNAs.
All recombinant DNA manipulations were performed using standard methods (Maniatis, Fritsch, and Sambrook, 1982) . The bacterial host strain for pucl9 plasmids (Yanisch-Perron, Vieira, and Messing, 1985) and M13mp vectors (Messing, 1983) was TG2.
Plasmid 71 NX was generated by ligation of a 1.423-kb Ncol/ Xbal DNA fragment obtained from plasmid 71 BE into the Smal and Xba sites of pUC19 after blunt-ending the Ncol site with the Klenow fragment of Escherichia coli DNA polymerase I (Pharmacia LKB Biotechnology). An Narl/EcoRI DNA fragment of 796 bp, obtained from plasmid 71 NX, was blunt-ended and then ligated into the Smal/EcoRI sites of the M13mp18 vector to generate ml8NN. An Narl/Xbal DNA fragment of 643 bp, obtained from the plasmid 71NX, was blunt-ended and ligated into the Smal/ Xbal sites of M13mp18 vector to generate ml8NX. An Haelll/ EcoRl DNA fragment of 278 bp, obtained from plasmid 71NX, was ligated into the Smal/EcoRI sites of M13mp18 vector to generate ml8HN.
The rDNA in the recombinant phages ml8NN, ml8NX, and ml8HN was checked by sequencing, using the dideoxy chain termination method of Sanger, Nicklen, and Coulson, (1977) as modified by Messing (1 983) for M13 sequencing. nucleic acids were then denatured at 100°C for 1 min. Different denaturation temperatures (65°C to 1 00°C) were tried without any noticeable differences. The samples were then allowed to cool down to the hybridization temperature (37OC to 56"C), over a 1-hr period. Hybridization was for 8 hr to 15 hr. Each sample was subsequently diluted 10-fold into S1 nuclease buffer: 30 mM NaOAC (pH 4.6) (or 5.5 in Figure 3A) , 0.25 M (Figures 3A and 3C , and 8A), 0.3 M (Figures 3B, 7 , and 8B), or 0.4 M NaCl ( Figure  5A ); 1 mM ZnSo,, 10 pg/ml denatured salmon sperm DNA. The S1 nuclease (Pharmacia) was then added and digestion allowed to continue for 1 hr at different temperatures (25OC to 45OC). No major differences were observed when the pH of the S1 buffer was raised from 4.6 to 5.5 (Maquat et al., 1981) . The digestion was stopped by addition of one-fifth of the sample volume of 0.1 M Tris-Hcl (pH 8.0), 50 mM EDTA. The DNA was subsequently phenol-chloroform-extracted and ethanol-precipitated twice. When large amounts of RNAs were used, undigested RNA was hydrolyzed with 50 pI of NaOH for 3 min at 100°C after the first ethanol precipitation. Neutralization of the sample with 60 pl of 1 M Tris-HCI (pH 7.5) was followed by an ethanol precipitation.
The protected DNA fragments were resolved on 4% or 8% sequencing gels along with the products of base-specific, chemical cleavage of the probe (Maxam and Gilbert, 1980) . Alternatively, the protected fragments were analyzed on NaOH agarose gels (Maniatis, Fritsch, and Sambrook, 1982) . S1 nuclease-protected fragments were then visualized by autoradiography at -7OOC.
Probe Preparation Primer Extension Analysis
Plasmid DNA was digested with an appropriate restriction enzyme and 5' or 3' end labeled.
5' end-labeling (up to 3 x 106 cpm/pmol) was done with Y-~*P-ATP (New England Nuclear, 3000 Ci/mmol) and T4 polynucleotide kinase (Amersham) mainly as described by Barker et al. (1988) . 3' end-labeling was achieved (up to 1 x 106 cpm/pmol) with (Y-32P-dATP (Amersham, 300 Ci/mmol) using the Klenow fragment of E. coli DNA polymerase I as described in Maniatis, Fritsch, and Sambrook (1 982). Double-stranded probes were obtained by an appropriate second restriction enzyme digestion and fractionation on neutral polyacrylamide gel when the probe was smaller than 2 kb, or on 0.8% agarose gel when larger (Maniatis, Fritsch, and Sambrook, 1982) . Small, end-labeled DNA probe fragments were made single-stranded by electrophoresis through neutral polyacrylamide gel as described by Maxam and Gilbert (1980) . The single-or double-stranded DNA probe fragments were then detected by autoradiography, gel-purified, and recovered by electroelution. The DNA was further purified by mixing with phenolchloroform. Preparation of uniformly labeled single-stranded DNA probes by the M13 primer extension method was as described by Nasmyth (1983) . The 3' termini of these probes were established by an EcoRl digestion. Nick-translated probes were prepared as described by Maniatis, Fritsch, and Sambrook (1982) .
S1
Nuclease Mapping S1 nuclease mapping experiments were carried out essentially as described by Favaloro, Treisman, and Kamen (1980) . The coprecipitated probe + RNAs mixture was dried and then dissolved in 25 pl (50 pI when 1 O0 pg of RNAs were used) of hybridization buffer: 80% formamide (40% in Figure 5A ). 0.4 M NaCI, 1 mM EDTA, 40 mM Pipes (pH 6.8), and covered with parafin oil. The
Two hundred fifty thousand counts/minute of a 5' end-labeled 24 nucleotide primer were hybridized with up to 20 pg of RNAs in the same conditions as for the S l mapping experiment, except that the hybridization buffer was 40 mM Pipes (pH 6.8), 0.4 M NaCI, 1 mM EDTA, and the hybridization temperature, 55OC. Hybrids were recovered by ethanol precipitation. After drying, the sample was dissolved in 40 pl of 50 mM Tris-HCI (pH 7.5),30 mM MgCI,, 10 mM DTT, 50 pg/ml BSA, 40 units RNasine, 1 mM dNTPs. Reverse transcription was performed with 200 units of reverse transcriptase (Bethesda Research Laboratories) for 45 min at 37°C. The extended primer was then phenol-chloroformextracted, ethanol-precipitated, and analyzed on an 8% sequencing gel. The cDNA was visualized by autoradiography at -7OOC.
RNA Gel Blot Analysis
Wheat germ RNAs, up to 6 pg, were denatured in 50% formamide for 2 min at 1 OOOC and then at 6OoC for 1 O min in 50% formamide running buffer (20 mM MOPS (pH 7), 5 mM NaOAC, 1 mM EDTA), 6% formaldehyde (Dobner et al., 1981) . They were fractionated on 0.7% agarose gel containing 6% formaldehyde at 60 V for 12 hr (Maniatis, Fritsch, and Sambrook, 1982) . The gel was blotted onto nitrocellulose as described by Maniatis, Fritsch, and Sambrook (1 982) . The filters were hybridized to various probes in the following hybridization buffer: 20 mM Pipes (pH 6.8), 0.6 M NaCI, 4 mM EDTA, O.lo/o SDS, 50% formamide, 10 x Denhardt's solution, and 0.2 mg/ml denatured salmon sperm DNA at 45°C overnight. The blots were washed at 6OoC for 3 periods of 30 min: twice in 2 x SSC, 0.1% SDS, and once in 0.2% SSC, 0.1% SDS. (This last wash was omitted with probe 4 in Figure 4 .) The filters were then exposed to film at -7OOC.
